Despite recent advances in treatment and vector control, malaria is still a leading cause of death, emphasizing the need for an effective vaccine. The malaria life cycle can be subdivided into three stages: the invasion and growth within liver hepatocytes (pre-erythrocytic stage), the blood stage (erythrocytic stage), and, finally, the sexual stage (occurring within the mosquito vector). Antigen (Ag)-specific CD8 + T cells are effectively induced by heterologous prime-boost viral vector immunization and known to correlate with liver-stage protection. However, liver-stage malaria vaccines have struggled to generate and maintain the high numbers of Plasmodium-specific circulating T cells necessary to confer sterile protection. We describe an alternative "prime and target" vaccination strategy aimed specifically at inducing high numbers of tissue-resident memory T cells present in the liver at the time of hepatic infection. This approach bypasses the need for very high numbers of circulating T cells and markedly increases the efficacy of subunit immunization against liver-stage malaria with clinically relevant Ags and clinically tested viral vectors in murine challenge models. Translation to clinical use has begun, with encouraging results from a pilot safety and feasibility trial of intravenous chimpanzee adenovirus vaccination in humans. This work highlights the value of a prime-target approach for immunization against malaria and suggests that this strategy may represent a more general approach for prophylaxis or immunotherapy of other liver infections and diseases.
INTRODUCTION
Malaria, caused by Plasmodium species, is an important disease causing about 500,000 deaths annually, with particularly high morbidity and mortality in sub-Saharan Africa (1) . With growing antimalarial drug and insecticide resistance, an effective vaccination regimen is needed urgently (2) . A variety of different subunit vaccine strategies have been investigated: RTS,S/AS01, a protein-inadjuvant formulation inducing antibodies against circumsporozoite protein (CSP), completed phase 3 field trials with partial efficacy but is still years from licensure (3) .
An alternative approach to inducing protection against preerythrocytic malaria has been to generate cellular immunity directed against infected hepatocytes. Seminal studies in mice demonstrated the ability of interferon- (IFN-)-producing CD8 + T cells to protect against liver-stage malaria (4, 5) . To this end, substantial effort has been invested in optimizing a viral vector heterologous primeboost strategy (known to be particularly effective at inducing T cell responses) able to generate high frequencies of antigen (Ag)-specific CD8 + T cells (6, 7) . A leading approach comprises a chimpanzee adenovirus (ChAd) viral vector prime, subsequently boosted with modified vaccinia Ankara (MVA) expressing the same Ag [such as thrombospondin-related adhesion protein (TRAP)], resulting in high numbers of CD8 + T cells in circulation with partial clinical efficacy in both malaria-naïve and preexposed individuals (8) (9) (10) (11) . The induced CD8 + T cell numbers correlate with efficacy in controlled human malaria infection challenges, suggesting that increased numbers of CD8 + T cells would be required for higher protection. Vaccines aimed at inducing cell-mediated immunity against malaria have been hindered by challenging spatiotemporal factors pertaining to parasite biology and liver microanatomy. First, with only peripheral vaccination regimens, it is difficult to generate and maintain the high numbers of Plasmodium-specific T cells necessary to confer protection (12) . Second, it has been difficult to direct a robust cell-mediated immune response to the liver to enable parasite clearance in the short time window of liver-stage malaria (5 to 7 days for Plasmodium falciparum infections in humans and 2 days in Plasmodium berghei infections in mice) (13) (14) (15) (16) . In recent years, tissue-resident memory (T RM ) T cells have been identified (17) (18) (19) (20) (21) and shown to act as sentinels against invading pathogens under certain settings (22, 23) . CXCR6 + CD8 + T cells [enriched after radiationattenuated sporozoite (spz) vaccination], when lacking CXCR6 expression, result in both reduced numbers of liver memory T cells and protection during spz challenges (24, 25) . Furthermore, intravenous (i.v.), but not intramuscular (i.m.), administration of irradiated, cryopreserved spz generated high frequencies of hepatic T cells in nonhuman primates (26) .
T RM has been generated experimentally by recruiting effector CD8 + T cells into tissues by administration of monoclonal antibodies (mAbs) fused to pathogenic epitopes (27) , chemokines (28, 29) , inflammatory agents (30) , and inactivated pathogens (31) . Although this work was in progress, the use of peptide Ag conjugated to mAb specific for splenic CD8 + dendritic cells, followed by intravenous injection of recombinant adeno-associated virus vector, was shown to generate high frequencies of liver T RM , mediating sterile protection against liver-stage malaria (32) . Our approach here focused on identifying a highly translatable and deployable vaccine strategy that can first induce abundant circulating T cells against full-length Ag in diverse human populations and subsequently increase liver CD8 + T cells expressing T RM markers by targeting the second dose of immunogen to the liver. Targeting CD8 + T cells to the liver was achieved with either poly(lactic-co-glycolic acid) (PLGA) protein-loaded nanoparticles (Nps) or a recombinant viral vector. This approach generates durable liver Ag-specific CD8 + T cells for up to 6 months and markedly increases the efficacy of subunit immunization against liver-stage malaria with clinically relevant vaccines. Clinical development of this prime-target approach in humans has begun with a small phase 1 trial, in which healthy volunteers have received intravenous vaccination of a ChAd-based vaccine with encouraging safety and immunogenicity data.
RESULTS

Prime and target regimen results in sterile protection upon P. berghei challenge
In an effort to direct cell-mediated immune responses to the liver, we initially used nanoparticles. Consistent with previous data (33), after intravenous administration, PLGA-Nps containing ovalbumin (OVA) conjugated to allophycocyanin (APC) (Np.APC-OVA) were found to be concentrated within hepatic tissue and taken up by Kupffer cells (fig. S1, A and B, and movie S1). In contrast, intramuscular injection of nanoparticle did not show liver-specific concentration ( fig. S1B ). Adoptively transferred naïve OVA-specific OTI, but not naïve polyclonal, CD8 + T cells clustered and increased CD69 expression at sites of Np.APC-OVA uptake by Kupffer cells, indicating that the associated OVA Ag had been processed and presented by major histocompatibility complex class I (MHC-I) molecules ( fig. S1C) (34) .
To evaluate the ability of nanoparticles to promote localization of primed effector memory CD8 + T cells (T EM ) to the liver and mediate protection against liver-stage malaria, mice were primed intramuscularly with human adenovirus-5 expressing OVA (Ad.OVA-i.m.), and 2 weeks later, Np.OVA was administered intravenously (Ad.OVA-i.m./ Np.OVA-i.v.; fig. S2A ). Protection was assessed by challenging vaccinated mice with two different transgenic (Tg) P. berghei spzs expressing OVA (OVA-spz) (35) . Vaccine efficacy was determined as the time to reach the end point of 1% blood parasitemia. Strikingly, after Ad.OVA-i.m./Np.OVA-i.v. vaccination, 100% of mice displayed sterile protection in both challenge models, whereas Ad.OVA-i.m. or Ad.OVA-i.m./Np.OVA-i.m. failed to protect the animals (Fig. 1,  A + T cells, with no changes observed in the spleen (Fig. 1 , C to H, and fig. S2C ). In contrast, intramuscular administration of Np (Ad.OVA-i.m./Np.OVA-i.m.) increased the Pen + CD8 + T cell frequency in the draining lymph node (dLN) but not in the liver or spleen. These data suggest that concentrating the primed CD8 + T cells in the liver, the site of initial malaria infection, may play an important role in mediating protection. To investigate whether a nanoparticle intravenous boosting increased Ag-specific T cells within the liver and/or in peripheral secondary lymphoid sites, we administered FTY720 to limit egress of activated T cells from lymphoid sites (36) Time to 1% parasitemia (days) 3 weeks after vaccination shown are pooled from two to four independent experiments (n = 7 to 12 per group). Median shown. Data were analyzed with a linear mixed model (LMM), with experiment and mouse as random effects and vaccination and boost as fixed effects. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. ns, not significant.
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and pulsed 5-bromo-2′-deoxyuridine to track cell proliferation. These data suggested that both in situ proliferation in secondary lymphoid tissues and a migration of Pen + CD8 + T cells to the liver were occurring ( fig. S3 ). Last, we attempted to improve immunogenicity of primetarget vaccination by conjugating nanoparticle to adjuvants previously shown to increase T cell responses (37 (38) . In contrast, mice given only Ad.OVA-i.m. showed no cell accumulation or effector staining around infected hepatocytes, suggesting that, at 12 hours after infection, few cells were actively recruited ( + T cells, although also present in large numbers around infected hepatocytes (Fig. 2 , B and C), were largely dispensable for protection against OVA-spz challenge (Fig. 2F) . Together, the imaging and depletion studies further confirmed a critical role for CD8 + T cells in mediating protection against liver-stage malaria.
CD8
+ T cells expressing markers of tissue residency are found to be sufficient at mediating protection Recent data suggest that an important contribution to local immunity is provided by T RM (28, 32, 42) . We postulated that protection from OVA-spz challenge by prime-target immunization could be the result of such CD8 + liver-resident T cells, rather than the protection due to acute recruitment of effector memory cells from lymphoid sites. To examine whether T RM cells were present in the liver after vaccination with Ad.OVA-i.m./Np.OVA-i.v. or Ad.OVA-i.m., we used quantitative histocytometric analysis (43) (Fig. 3 , A, C, and D) (42) . In addition to T RM marker expression, after isolation and transfer to naïve recipient hosts, liver CD69 + CD8 + T cells preferentially homed back to the liver, even when transferring bulk liver lymphocytes ( fig. S9 ). To determine the durability of prime-target vaccine, mice were immunized, lymphocytes were isolated at different time intervals after vaccination, and a population of liver-localized Ag-specific CD8 + T cells, expressing markers of tissue residency, could be detected for at least 36 days after Ad.OVA-i.m./Np.OVA-i.v. immunization (Fig. 3 , E and F, and fig. S10, A and B). Protection in vaccinated animals was durable with 100% sterile efficacy at 2 months and 70% at 6 months after vaccination ( Fig. 3G and fig. S10C ).
Although many of the T cells found in the liver 5 weeks after nanoparticle boost were T RM , to further assess whether immunity resulted from T EM drawn into the liver upon OVA-spz infection or whether liver T RM were sufficient to mediate protection, mice were challenged under two conditions. First, vaccinated animals were administered FTY720 (fig. S11A) and splenectomized (removing the remaining splenic red pulp T effector pool) (46) (Fig. 3H) . Second, FTY720 alone or in combination with anti-CD8-depleting antibodies was administered ( fig. S11B ). In either experimental setting, T RM were found to be sufficient for protection in liver-stage malaria. In summary, these data suggest that prime-target vaccination with Np.OVA-i.v. induces a high frequency of T RM that is stably maintained over time and sufficient for protection against liver-stage malaria.
Viral vectors were found to be an effective alternative targeting approach to PLGA nanoparticles Although nanoparticles are being examined in many preclinical vaccine studies, nonreplicating viral vectors have been used intramuscularly safely in many thousands of humans in a wide variety of vaccines against several infectious diseases, generating impressive T cell immunogenicity (47) . Hence, we examined whether a similar protection to nanoparticles could be obtained with a recombinant viral vector to target. Clinically tested human and chimpanzee adenoviral and MVA vectors, known to induce CD8 + T cell responses in humans (8), were evaluated. Bioluminescent imaging revealed that adenoviral, as well as MVA, vectors were highly liver-tropic after intravenous administration (Fig. 4, A and B) and thus delivered Ag to hepatic tissue. Vaccine regimens involving combinations of Ad.OVA-i.m./Ad.OVA-i.v. or Ad.OVA-i.m./MVA.OVA-i.v. were able to generate substantial numbers of Ag-specific CD8 + T cells in the liver (Fig. 4C) . A high percentage of these cells also produced IFN- and expressed markers of tissue residency ( fig. S12, A and B) . Vaccine efficacy was assessed after challenge with OVA-spz. Similar to prime-target vaccination with Np.OVA-i.v., the protective response mediated by prime-target vaccination with viral intravenous boost was found to be dose-dependent and Ag-specific (fig. S12, C and D). As expected, boosting with Ad.OVA-i.m. or MVA.OVA-i.m. vectors failed to induce strong protection. However, boosting with Ad.OVA-i.v. or MVA.OVA-i.v. resulted in 80% sterile protection for 2 months after vaccination (Fig. 4D and fig. S12E ).
Sterile protection with clinically relevant Ags is achieved in mice
To investigate the protective efficacy of a prime and target strategy with clinically relevant Ags, we immunized mice with three P. falciparum liver-stage Ags-TRAP (PfTRAP), liver-stage Ag 1 (PfLSA1), and liver stage-associated protein 2 (PfLSAP2)-all now in clinical development. Mice were also immunized with the immunodominant P. berghei Pb9 epitope (48) from CSP, present in the clinically tested multiple epitope (ME)-TRAP construct (8, 11) . Each Ag was individually expressed in the ChAd63 vector administered intramuscularly. Two weeks later, mice were vaccinated with either MVA-i.m. or ChAd63-i.v. expressing the same cognate Ag, and animals were challenged 3 weeks later with wild-type (WT) or Tg spz expressing the P. falciparum Ag in P. berghei (49, 50) . Vaccination with a recombinant ChAd63-i.m./ChAd63-i.v. regimen expressing all these P. falciparum Ags singly conferred 100% sterile protection against OVA administration, mice were either splenectomized or sham-operated, and FTY720 was administered. Alternatively, mice were treated with FTY720-and/or anti-CD8-depleting antibodies. Mice were subsequently challenged with OVA::Hep17 P. berghei spz. Data shown are representative of two independent experiments (log-rank Mantel-Cox test). ****P < 0.0001, ***P < 0.001, **P < 0.01.
A phase 1 clinical trial involving intravenous administration of viral vectors showed a positive safety profile in humans
After the completion of satisfactory toxicology testing, we performed a small phase 1 clinical trial with the primary objective of assessing the safety and tolerability of intravenous administration of ChAd63. ME-TRAP in healthy human volunteers. This dose escalation trial involved three subjects per dose group [group 1, 5 × 10 8 viral particles (vp); group 2, 5 × 10 9 vp; group 3, 5 × 10 10 vp], with 90 days of follow up. After vaccination, adverse events (AEs) local to the injection site were rare, and systemic AEs were more frequent but still mild to moderate (Fig. 6A) . A single severe AE (fever) was seen in one group 3 volunteer who incidentally developed clinically evident mumps (confirmed serologically) 4 to 5 days after immunizationinfection almost certainly having occurred before immunization. Close monitoring of laboratory parameters was followed to assess for any derangement of liver function and disseminated intravascular coagulation ( fig. S14A) (51) (52) (53) . No transaminitis was observed; three volunteers had a mild transient rise in d-dimer within normal limits. Overall, ChAd63.ME-TRAP-i.v. was well tolerated, comparing favorably with previously reported intramuscular administrations (54) .
After ChAd63.ME-TRAP-i.v. administration, ex vivo IFN- ELISPOT responses peaked at day 14 after immunization and appeared to be maintained up until day 42 after vaccination (Fig. 6B) . Although low vaccine doses resulted in marginal responses, group 3 responders showed higher magnitudes (Fig. 6C) , at least comparable to a previous clinical trial where the same dose of ChAd63.ME-TRAP was administered intramuscularly (54) . The nonresponder in group 3 was the subject found to be incubating mumps at the time of immunization. Mumps virus has been reported to potentially interfere with innate immunity by inhibiting tumor necrosis factor- (TNF)-mediated apoptosis and nuclear factor B activation (55) . The frequency of T EM cells detected in peripheral blood by flow cytometry was increased . ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. 
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14 days after vaccination by either route ( fig. S14B ), and expression of IFN- or TNF on CD8 + T cells did not differ by vaccination route (fig. S14C ). These initial safety and immunogenicity data support future clinical testing of the efficacy of prime-target regimens in humans.
DISCUSSION
We describe the use of a prime and target immunization approach that provides a pre-erythrocytic vaccine strategy mediating sterile protection via CD8 + T cells. This vaccination regimen, requiring just a single viral vector, primes endogenous CD8 + T cells in peripheral tissue and subsequently targets them to the liver by expressing suitable amounts of Ag in this organ. This results in a 10-fold increase of Ag-specific CD8 + T cells localized in the liver. After OVA-spz challenge, mice showed 100% sterile protection at 2 months after vaccination and 70% when challenged at 6 months. Hence, prime and target vaccination appears to generate sufficient Ag-specific CD8 + T cells to mediate relatively durable protection in mice, a crucial feature for translatable vaccines.
With multiparameter imaging techniques, polyclonal CD8 + T cells were found to cluster in large numbers around infected hepatocytes when cognate Ag was present, producing IFN- and GrzB, as previously observed (39) (40) (41) . Despite the high frequencies of CD4 + T cells around infected hepatocytes, our depletion studies confirmed a known paradigm in the literature that CD8 + T cells are essential for mediating protection (56) . Furthermore, sterile protection was found to scale in a dose-dependent manner with higher levels of Ag-specific CD8 + T cells in the liver, correlating with increased protection.
After careful in situ phenotypic characterization, Ag-specific CD8 + T cells were found to express markers of T RM (CXCR6 + CD69 + ). In agreement with previous work (25, 32) , the number of liver T RM CD8 + T cells correlated with protection in the context of liver-stage malaria, clearly showing that this subset of cells is necessary to mediate protection. Here, we wanted to address whether T RM alone were sufficient in mediating protection to spz challenge or whether they acted as sentinels, recruiting other CD8 + T cells from the circulation or dLN. To address this, we used a combination of chemical (FTY720) and surgical (splenectomy) methods to inhibit or remove T effector CD8 + lymphocytes from the circulation. Notably, T RM were found to be sufficient in mediating protection against liver-stage malaria, suggesting that a resident Ag-specific T RM population was indeed effective at eliminating infected hepatocytes. Hence, together with previous work (25, 26, 32) , liver T RM appear both necessary and sufficient to mediate protection against liver-stage malaria. It should be noted, however, that we cannot completely exclude the contribution of circulating Ag-specific CD8 + T cells during a natural liver-stage infection. In the case of vaccination regimens such as ChAd63-i.m./ ChAd63-i.v. that result in high numbers of spleen T EM , circulating Ag-specific CD8 + T cells may also play a role in meditating protection. Vaccine regimens that induce high numbers of T RM and circulating T EM might show improved efficacy in human clinical trials. In addition to nanoparticles, intravenous administration of leading clinical recombinant viral vectors, ChAd and MVA, both sterilely protected 80% of mice 2 months after vaccination. Moreover, complete sterile protection with the leading P. falciparum preerythrocytic Ags PfTRAP, PfLSA1, and PfLSAP2 expressed in a ChAd vector was also observed. The efficacy and immunogenicity of these viral vector and Ag combinations have so far only been assessed in mice, and further work will be required for evaluation in humans.
A range of experimental immunization strategies have been reported to induce Ag-specific T RM : Ag-coupled to mAb (27) , chemokine administration (28, 29) , inflammatory agents (30), or inactivated pathogens (31) . However, unlike other vaccine strategies with substantial translational challenges, nonreplicating viral vectors are excellent targeting agents, with clinically tested ChAd offering a particularly suitable clinical option with only one recombinant adenoviral vector required and no change in immunogen necessary, significantly simplifying biomanufacturing. Furthermore, because viral vectors are able to express any Ag of interest, prime-target vaccination is an adaptable vaccine platform potentially protective against other hepatic diseases.
To assess the likely safety and feasibility of incorporating intravenous viral-vectored vaccination in a deployable prime-target regimen, a small phase 1 study was conducted, testing safety and immunogenicity of a single ChAd63.ME-TRAP-i.v. dose. The intravenous administration of ChAd63.ME-TRAP was well tolerated with no severe vaccine-related AEs. Close monitoring of laboratory parameters revealed no indication of hepatocellular damage or significant inflammation previously seen with intravenous administration of some Ads in the setting of oncolytic virotherapy with much higher doses (51) (52) (53) . This represents a significant step in bringing prime-target vaccination into clinical testing. Furthermore, the immunogenicity of a single intravenous vaccine dose as assayed by a standard ex vivo ELISPOTs appears encouraging. Together, this prime-target approach substantially improves current Ag-based liver-stage malaria vaccines, providing a potent and flexible immunization platform.
MATERIALS AND METHODS
Study design
The study aimed at developing a translatable malaria vaccine strategy that resulted in sterile protection in a P. berghei spz challenge model of the disease. Accordingly, experiments were performed to test various vaccination models. The n for these experiments was determined by performing an a priori power analysis, used in estimating sufficient sample sizes to achieve adequate power. No randomization or blinding was performed; mice were excluded from experiments only when tail intravenous injections were not performed successfully, determined at the time of vaccination. The end point of 1% parasitemia was chosen as a humane standard widely used in the literature. After 1% parasitemia, malaria symptoms in mice only progress in severity, inevitability leading to death, with animals unable to recover from the infection. After challenge experiments, flow cytometry and immunohistochemistry (IHC) experiments were performed to investigate the mechanism of protection. The hypothesis that vaccine regimens would affect sterile protection was specified in advance, and an LMM was performed, which takes into account variation among mice, experiments, or tissue slices (in the context of IHC) as potential sources of random variation in addition to fixed effects (explanatory variables). Most experiments were performed with the model Ag OVA; however, clinical malaria vaccine candidates were also tested with this platform and found to mediate sterile protection. Primary data are located in table S1. A small phase 1 clinical trial was performed to assess the safety and tolerability of intravenous administration of ChAd63 ME-TRAP in healthy malaria-naïve volunteers. 
Experimental animals and immunizations
Intracellular cytokine staining assay
Intracellular cytokine staining was performed, as previously described (58); see the Supplementary Materials for greater detail. In short, liver lymphocytes were isolated after in situ phosphatebuffered saline perfusion of the liver via the portal vein and stimulated for 6 hours at 37°C with appropriate peptides at a final concentration of 1 g/ml (OVA peptides used were SIINFEKL and/ or ISQAVHAAHAEINEAGR and HBsAg H2-L d -dominant peptide used was IPQSLDSWWTSL; ProImmune) and GolgiPlug (1 g/ml; BD Biosciences) or left unstimulated in complete media and GolgiPlug for control.
Cells were subsequently surface-stained on ice (see the Supplementary Materials for detailed antibody list), and samples were acquired using an LSR II flow cytometer (BD Biosciences) or LSRFortessa (BD Biosciences) and analyzed with FlowJo version 9 or version 10.1 (Tree Star Inc.). Lymphocytes were gated on live, size, and singlet and subsequently gated on CD8 + T cells.
Methodological information regarding clinical trial (NCT03084289)
See data file S1 for details on clinical trial VAC064 (NCT03084289).
Statistical analysis
Prism version 5.0c (GraphPad) and RStudio were used for all analyses. Median values with interquartile range are shown in all graphs, unless otherwise stated. Data were tested for normality and homoscedasticity, and where appropriate, data were log-transformed. For these reasons, all experiments showing total cell counts were logtransformed. When data were pooled from multiple experiments, a multilevel analysis with an LMM was performed in R. Hence, lme4 was used to perform a linear mixed effects analysis of the relationship between measured vaccine output (dependent variable) and vaccination (independent variable) (59). Fixed effects used were determined to be the variable/treatment under examination, whereas random effects were variability caused by experiment-to-experiment variation (specified for each figure in the figure legends). A P value was then obtained by performing a likelihood of ratio test. This was done by comparing the full model and a null model (lacking the fixed variable of interest) with an analysis of variance (ANOVA). If significance was found from running an LMM, then a one-way or two-way ANOVA was performed, with multiple comparisons corrected with a Bonferroni's post hoc test. Survival in challenge experiments is presented using Kaplan-Meier curves, and significance is tested with the log-rank (Mantel-Cox) test.
SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/460/eaap9128/DC1 Materials and Methods Fig. S1 . Intravenous nanoparticle localization and OTI activation in liver tissue after intravenous and intramuscular Np.APC-OVA administration. Fig. S2 . Schematic representation of prime and target vaccination regimen, efficacy, and immunogenicity. Fig. S3 . Total Pen + CD8 + T cell numbers in the liver are not affected by FTY720 administration. Table S1 . Primary data file. Data file S1. Methodological information regarding clinical trial (NCT03084289).
